Introduction
============

It is well documented that leptin regulates energy homeostasis via its actions on specific hypothalamic nuclei ([@bib30]). Hypothalamic leptin receptors also play an important role in controlling thermogenesis, neuroendocrine function and bone formation ([@bib19; @bib15; @bib31]). However, leptin receptors are widely expressed in many brain regions including the hippocampus, cerebellum, brain stem and amygdala ([@bib24; @bib14; @bib49]), suggesting that leptin plays a role in diverse CNS functions. Recent studies have implicated leptin in associative learning and memory as leptin-insensitive (db/db mice and fa/fa rats) rodents display impairments in hippocampal long-term potentiation (LTP) and long-term depression (LTD), as well as deficits in spatial memory tasks ([@bib33]). Direct administration of leptin into the hippocampus enhances LTP in vivo *(*[@bib60]). At the cellular level, leptin converts hippocampal short lasting potentiation (STP) into LTP; an action likely to reflect enhanced NMDA receptor function ([@bib48]). Leptin also contributes to synaptic plasticity changes in the hypothalamus as the efficacy of inhibitory and excitatory synaptic transmission is altered in leptin-deficient ob/ob mice ([@bib44]). During neuronal development, leptin also plays a pivotal role: leptin receptors are expressed at high levels in neonatal rodent brains ([@bib40]), and reductions in brain weight and protein content are evident in leptin-deficient or -insensitive rodents ([@bib1]). More recent studies indicate that leptin participates in development of the hypothalamus as specific projection pathways are disrupted in leptin-deficient ob/ob mice ([@bib9]).

Several lines of evidence indicate that structural, as well as biochemical changes underlie activity-dependent synaptic plasticity in the brain. Indeed changes in the morphology and/or density of dendritic spines contribute to enhanced synaptic efficacy following hippocampal LTP ([@bib63]). Moreover, neurotrophic factors, like brain-derived neurotrophic factor (BDNF), further refine synaptic connections during activity-dependent synaptic plasticity ([@bib56; @bib47]). Indeed, BDNF, via a MAPK-dependent process, promotes changes in the morphology and density of dendritic spines in CA1 pyramidal neurons ([@bib57]), which may contribute to this refining process. As leptin has neurotrophic actions in the hypothalamus ([@bib9]), it is possible that changes in dendritic morphology may also contribute to the changes in hippocampal synaptic efficacy induced by leptin. In this study, we present the first compelling evidence that leptin rapidly increases the density and motility of dendritic filopodia in hippocampal neurons. Moreover, this effect is associated with the formation of new synaptic connections as leptin rapidly increased the number of hippocampal synapses. These findings have important implications for the role of this hormone in hippocampal synaptic plasticity and neuronal development.

Results
=======

Leptin increases the number of dendritic filopodia in hippocampal neurons
-------------------------------------------------------------------------

It is well documented that dendritic filopodia are highly motile structures and the motility and/or number of filopodia can be influenced by a range of extrinsic factors, such as neurotrophins ([@bib41]). In order to examine if leptin alters the density of filopodia, we compared the number of filopodia extending from dendrites of cultured hippocampal neurons (6--12 DIC) under control conditions or following exposure to leptin (50 nM). Filopodia were identified in fixed, permeabilized cells using Alexa 488-phalloidin labeling. Dendritic processes were identified by their morphology and MAP2 staining. In the absence of leptin, the density of filopodia was generally low, with on average between 2 and 9 filopodia (mean 2.58 ± 0.14; *n* = 129) detected on 50 μm segments of randomly selected proximal dendritic processes. However, in neurons treated with leptin (50 nM for 30 min) the filopodial density markedly increased (309 ± 34% of control; mean density of 8.00 ± 0.45; *n* = 23; *P* \< 0.001), suggesting that leptin promotes outgrowth or stabilization of filopodia from dendritic processes. In contrast, exposure to the inactive boiled leptin peptide (30 min) had no effect on the number of dendritic filopodia such that the mean density of filopodia in control conditions and following exposure to the inactive peptide were 3.19 ± 0.21 and 3.04 ± 0.16, respectively (*n* = 29; *P* \> 0.05). In order to demonstrate that the changes in dendritic morphology induced by leptin were attributable to activation of leptin receptors, the effects of leptin were also assessed in neurons transfected with leptin receptor siRNA to reduce leptin receptor expression. In order to aid visual identification of siRNA-targeted cells, neurons were also co-transfected with EGFP cDNA. Under control conditions (normal leptin receptor expression), application of leptin (50 nM; 30 min) resulted in a marked increase in the density of dendritic filopodia (mean density of 4.97 ± 0.25; *n* = 29; *P* \< 0.05) relative to control (mean density of 1.58 ± 0.18; *n* = 32). In contrast, in neurons with reduced leptin receptor expression, the ability of leptin (50 nM; 30 min) to alter the density of dendritic filopodia was significantly reduced such that the mean density of filopodia was 1.37 ± 0.15 (*n* = 36) and 1.48 ± 0.13 (*n* = 36; *P* \> 0.05) in the absence and presence of leptin, respectively. These data suggest that the alterations in dendritic morphology induced by leptin are mediated by activation of leptin receptors as genetic knockdown of leptin receptor expression in hippocampal neurons markedly attenuated the effects of this hormone.

In order to determine the temporal profile of these leptin-dependent events, we compared the effect of leptin (50 nM) over a range of time courses (10 min to 18 h). The effect of leptin (50 nM) occurred rapidly as a significant increase in filopodial density (to 206 ± 14% of control; mean density of 5.45 ± 0.36; *n* = 10; *P* \< 0.01) was evident after 10 min incubation with leptin, with a peak increase (to 544 ± 95% of control; mean density of 13.8 ± 2.3; *n* = 12; *P* \< 0.01) detected after 3 h exposure ([Fig. 1](#fig1){ref-type="fig"}D). Furthermore, increases in the density of filopodia (267 ± 19% of control; mean density of 6.89 ± 0.42; *n* = 12; *P* \< 0.001) were observed after 18 h exposure to leptin, suggesting that this action of leptin does not readily desensitize ([Fig. 1](#fig1){ref-type="fig"}D). However, the morphology of the filopodia was altered at this time point, being lengthened, with actin-rich growth cones apparent at their leading edges (not illustrated). This suggests that the effects of leptin on filopodial density lead to the formation of new processes.

Leptin induces actin reorganization in hippocampal neurons
----------------------------------------------------------

It is well established that the actin cytoskeleton plays a pivotal role in the morphological changes that occur in dendritic filopodia and spines during development and synaptic plasticity ([@bib37; @bib51]). In addition, we have shown that leptin has the ability to promote reorganization of actin filaments in hippocampal neurons ([@bib66]). Thus, in order to determine if the leptin-induced formation of new filopodia was accompanied by changes in the actin cytoskeletal architecture, the intensity of Alexa-phalloidin staining in proximal dendrites was examined. In control hippocampal neurons (no leptin), Alexa-phalloidin staining was associated with the plasma membrane and actin rich structures such as filopodia and synapses. Exposure to leptin (50 nM; 30 min) induced a marked reorganization of the actin cytoskeleton such that the intensity of Alexa-phalloidin staining in proximal dendrites was significantly reduced (to 67 ± 8.4% of control; *n* = 25; *P* \< 0.05), and this effect of leptin was accompanied by the appearance of actin-enriched dendritic filopodia ([Fig. 1](#fig1){ref-type="fig"}E). Thus, these data suggest that leptin promotes redistribution of actin from the dendritic shaft to dendritic filopodia.

Leptin enhances actin-based motility of filopodial extensions
-------------------------------------------------------------

In order to visualize actin-based structures in living neurones, we transfected cultured hippocampal neurons (up to 12 DIC) with a cytosolic EGFP construct using the cationic lipid, Lipofectamine 2000. In transfected neurons, filopodia were associated with dendrites arising from principle neurons in the culture (pyramidal-shaped, with 2--3 main dendritic branches), and the average number of filopodia (extending from 50 μm proximal regions of randomly selected dendrites) was 7.14 ± 0.58 (*n* = 34 dendrites), whereas the average length of a filopodium was 5.2 ± 0.9 μm (*n* = 69 filopodia). Under control conditions, dendritic filopodia were motile, typically displaying elongation and/or retraction as well as lateral motility. The degree of motility was variable amongst filopodia both within and between different cultures. Thus, in order to quantify motility, the degree of change in the length of individual filopodium was monitored, as described previously ([@bib64; @bib53]; see [Experimental procedures](#sec1){ref-type="sec"}). In control conditions (10--12 DIC; at room temperature), the motility of filopodia (the change in length of a given filopodium over time) was 0.85 ± 0.12 μm/min (*n* = 16). Application of leptin (50 nM) resulted in a rapid (within 3--6 min) increase in both the number of filopodia extending from processes (mean density of 17.9 ±4.4; *n* = 16; *P* \< 0.05) and the motility of these extensions (mean motility of 1.9 ± 0.26 μm/min; *n* = 16; *P* \< 0.05; [Fig. 2](#fig2){ref-type="fig"}). Furthermore, exposure to leptin stimulated an increase in the mean length of extending filopodia-like neurites to 9.7 ± 1.3 μm (*n* = 16; *P* \< 0.05; [Fig. 3](#fig3){ref-type="fig"}).

Leptin-induced dendritic morphogenesis requires excitatory synaptic transmission
--------------------------------------------------------------------------------

In order to assess whether leptin-induced morphogenesis required ongoing synaptic activity we compared the effects of leptin in cultures where action potential-driven synaptic transmission was blocked with tetrodotoxin (TTX; 0.5 μM; 30 min). Under these conditions, the ability of leptin to increase filopodial density was significantly attenuated (mean density of 3.21 ± 0.6 in the presence of TTX and leptin; *n* = 9; *P* \> 0.05), indicating that synaptic activity is critical for the morphological changes induced by leptin. It is well documented that excitatory synaptic transmission plays a key role in the outgrowth of neurites. Indeed, dendritic protrusions are stimulated by the synaptic activation of NMDA receptors ([@bib35]) and glutamate modulates the formation and motility of dendritic filopodia ([@bib18; @bib38]). In this study, NMDA receptor-dependent synaptic activity was also required for the effects of leptin, as NMDA (50 μM D-AP5; *n* = 9), but not AMPA (2 μM NBQX; *n* = 9), receptor blockade prevented the effects of leptin ([Figs. 4](#fig4){ref-type="fig"}B, D). Thus, incubation of neurons with NBQX (2 μM; 30 min) had no effect on the density of filopodia per se (mean density of 2.39 ± 0.51; *n* = 9; *P* \> 0.05), and it did not significantly attenuate the leptin-induced increase in the number of filopodia (mean density of 5.69 ± 0.76; *n* = 9; *P* \< 0.05; [Fig. 4](#fig4){ref-type="fig"}D). Application of D-APV (50 μM; 1 h) also had no effect on the mean number of filopodia (mean density of 2.76 ± 0.69; *n* = 10; *P* \> 0.05). However, prior incubation with D-APV (50 μM; 30 min) reversed the actions of leptin, such that in the presence of D-APV, leptin (50 nM; 30 min) significantly reduced the mean number of filopodia extending from dendritic processes to 1.35 ± 0.41 (*n* = 9; *P* \< 0.05; [Figs. 4](#fig4){ref-type="fig"}B, D). This suggests that leptin has diverse actions on dendritic morphogenesis evoking both NMDA receptor-dependent enhancement and NMDA receptor-independent retraction of dendritic filopodia.

Several lines of evidence indicate that different NMDA receptor NR2 subunits are differentially localized in the hippocampus, such that NR2A-containing NMDA receptors are expressed at synaptic loci, whereas NR2B subunits are predominantly found extrasynaptically ([@bib6; @bib55]). Recent studies also suggest that activation of NR2A-containing NMDA receptors is a pre-requisite for the induction of hippocampal and cortical LTP, whereas receptors comprising NR2B subunits are activated during LTD ([@bib34; @bib36]). Thus, in order to verify that these NMDA receptor subunits are expressed in our hippocampal cultures, the distribution of NR2A and NR2B immunoreactivity was assessed using specific antibodies directed against these subunits. As NMDA receptors are a target for leptin in the hippocampus ([@bib48]), we also compared the cellular distribution of ObR using dual labeling approaches. In agreement with our previous studies ([@bib49]), leptin receptor immunoreactivity was detected on cultured hippocampal neurons at all ages examined (7--9 DIC; [Figs. 1F and 5A, B](#fig1 fig5){ref-type="fig"}). Indeed, high levels of NR2A as well as NR2B immunoreactivity were observed on somata and on processes ([Figs. 5](#fig5){ref-type="fig"}A, B) of hippocampal cultures also expressing leptin receptors. In order to verify if activation of putative synaptic (i.e., NR2A-containing) NMDA receptors underlie the neurotrophic actions of leptin, NR2B-containing NMDA receptors were blocked with ifenprodil ([@bib61]). In contrast to the actions of D-AP5, treatment with ifenprodil (10 μM; 30 min) failed to prevent leptin-induced morphogenesis, as leptin increased the density of filopodia to 6.63 ± 0.57 (*n* = 9; *P* \< 0.01; [Figs. 4](#fig4){ref-type="fig"}C, D) in the presence of ifenprodil. Thus, it is likely that the activation of putative synaptic, as oppose to extrasynaptic, NMDA receptors is critical for leptin-induced dendritic filopodial outgrowth.

There is growing evidence that trafficking of glutamate receptor plays a critical role in hippocampal synaptic plasticity ([@bib12]). Moreover, our previous studies have indicated that leptin has the capacity to increase the cell-surface expression of NMDA receptors ([@bib27]). Thus, as the leptin-induced formation of dendritic filopodia is dependent on the activation of NR2A-containing NMDA receptors, the effects of leptin on the localization of NR2A subunits was also examined. Under control conditions, NR2A immunolabeling was widely expressed at somatodendritic regions but was rarely expressed in dendritic filopodia ([Fig. 5](#fig5){ref-type="fig"}C). Moreover, following exposure to leptin for 30 min, there was no change in the distribution of NR2A subunits, such that the density of NR2A subunits expressed on filopodia was not altered (*n* = 6). These data suggests that leptin does not promote the translocation of NR2A-containing NMDA receptors into dendritic filopodia.

A MAPK-dependent process underlies leptin-induced increase in dendritic filopodia
---------------------------------------------------------------------------------

Leptin receptors are class I cytokine receptors ([@bib52]) associated with the activation of PI 3-kinase and MAPK signaling cascades in neurons ([@bib26; @bib29]). Indeed, the ability of leptin to facilitate NMDA receptor function in the hippocampus involves activation of PI 3-kinase and MAPK-dependent processes ([@bib48]). Thus, the role of these signaling pathways in leptin-induced morphogenesis was evaluated. Application of the PI 3-kinase inhibitors, LY294002 (10 μM; 1 h) or wortmannin (50 nM; 1 h) had no effect on the density of filopodia per se (LY294002; mean density of 2.45 ± 0.53; *n* = 9; *P* \> 0.05 and wortmannin; mean density of 2.66 ± 0.81; *n* = 9; *P* \> 0.05). Furthermore, prior incubation with either agent did not attenuate the effects of leptin, as leptin stimulated an increase in the number of filopodia in the presence of either wortmannin (to 9.81 ±0.85; *n* = 9; *P* \< 0.05) or LY294002 (to 7.56 ± 0.64; *n* = 9; *P* \< 0.05), respectively ([Figs. 6](#fig6){ref-type="fig"}A, C). Thus, the leptin-induced morphogenesis is likely to involve a PI 3-kinase-independent process. In contrast, treatment with PD98059 (10 μM for 30 min) to specifically inhibit MEK attenuated the leptin-induced dendritic morphogenesis, such that the mean density of filopodia was 2.29 ± 0.57 (*n* = 10; *P* \> 0.05; [Figs. 5](#fig5){ref-type="fig"}B, C) following exposure to leptin (50 nM; 30 min). Application of PD98059 alone had no effect on filopodial density per se (mean density of 2.35 ± 0.46; *n* = 9; *P* \> 0.05). Similarly, exposure to another MEK inhibitor, U0126 (1 μM), had no effect on the density of filopodia per se (mean density of 2.47 ± 0.56; *n* = 10; *P* \> 0.05), but it prevented the leptin-induced morphogenesis, such that the mean density of filopodia following exposure to leptin was 2.51 ± 0.62 (*n* = 11; *P* \> 0.05; [Fig. 6](#fig6){ref-type="fig"}C) in neurons incubated with U0126 (1 μM; 30 min). Together, these data indicate that the increased density of dendritic filopodia induced by leptin is likely to be driven by activation of a MAPK (ERK)-dependent pathway.

Leptin promotes formation of functional hippocampal synapses
------------------------------------------------------------

As the protrusion and motility of dendritic filopodia is thought to be one of the initial stages in the process of synaptogenesis ([@bib41; @bib16]), and dendritic filopodia may play an active role in initiating synaptic contacts ([@bib64]), we examined whether leptin-induced neurite outgrowth is correlated with an increase in the number of synapses. Thus, the relative number of presynaptic terminals was assayed by immunostaining of the presynaptic protein, synapsin-1 ([Figs. 7](#fig7){ref-type="fig"}A, B). In control neurons (6--7 DIC), synapsin-1 staining was distributed in a punctate manner on both somata and neurites. At this age in culture, application of leptin (50 nM; 30 min) increased the number (to 211 ± 38% of control; *n* = 13; *P* \< 0.01) of synapsin-1 puncta ([Figs. 7](#fig7){ref-type="fig"}A, B). In older neurons (14 DIC), fewer filopodia extending from dendritic processes were observed and synapsin-1 staining was generally found on the heads of spine-like structures ([Fig. 7](#fig7){ref-type="fig"}C), consistent with the appearance of dendritic spines as neuronal networks mature ([@bib16]). Following leptin (50 nM: 30 min) exposure, both the number of actin-rich spines and the number of synapsin-1-positive puncta increased (to 194 ± 29% of control; *n* = 26; *P* \< 0.05; [Fig. 7](#fig7){ref-type="fig"}C) in these neurons. Thus, these data suggest that the density of synapses is increased by leptin.

Discussion
==========

Evidence is accumulating that morphological changes occur during activity-dependent synaptic plasticity that are likely to contribute to alterations in synaptic strength ([@bib35; @bib54; @bib63]). Previous studies have implicated the hormone leptin in hippocampal synaptic plasticity ([@bib48; @bib33; @bib60]). However, it is unclear if leptin has the ability to induce morphological changes. Here we show that in hippocampal neurons leptin increased both the motility and density of dendritic filopodia; an effect that occurred rapidly being evident within 10 min exposure to leptin. During prolonged exposure to leptin this process resulted in filopodial stabilization and is likely to result in the formation of new neurites and synaptic contacts. Indeed, the alterations in the number and motility of dendritic filopodia induced by leptin were associated with the formation of new synaptic connections as increases in the labeling of presynaptic components of synapses was evident circa 15--20 min after dendritic morphogenesis.

Numerous studies have reported that synaptic activity, in particular glutamatergic synaptic transmission, plays a key role in both the initiation and stabilization of dendritic filopodia ([@bib41; @bib38]). Similarly, ongoing synaptic transmission was required for leptin-induced morphogenesis as blockade of action potential-driven synaptic transmission with TTX prevented the actions of leptin. Moreover, NMDA receptor-dependent activity, in particular the synaptic activation of NR2A-containing receptors, was critical for leptin-induced morphogenesis as the competitive NMDA receptor antagonist, D-AP5, but not the NR2B-selective inhibitor ifenprodil, attenuated the actions of leptin.

It is well established that PI 3-kinase-and MAPK-driven signaling cascades are rapidly activated downstream of neuronal leptin receptors ([@bib26; @bib43; @bib29]). Indeed in the hippocampus, facilitation of NMDA receptor-dependent function by leptin is mediated by both PI 3-kinase and MAPK ([@bib48]). In contrast, in this study the effects of leptin on dendritic morphology were dependent solely on the MAPK signaling cascade, as inhibitors of MEK completely attenuated the effects of leptin on filopodial density. Although it is likely that leptin promotes activation of MAPK via stimulation of the ubiquitous Ras-Raf pathway ([@bib8]), the possibility that a distinct upstream pathway couples leptin receptor activation to MEK/MAPK stimulation cannot be excluded as leptin is able to trigger the MAPK cascade via either tyrosine phosphorylation of the JAK2-receptor complex or independently of receptor phosphorylation ([@bib7]). As the downstream signaling in both pathways requires an intact catalytic domain of SHP-2, one possibility is that ERK activation by leptin receptors involves the SHPS1-SHP-2 complex that is known to be activated by integrin ([@bib20]). It is well documented that STAT3-dependent signaling, which in turn promotes changes in gene transcription, plays an important role in a number of leptin driven hypothalamic functions including body weight regulation, lactation and regulation of thyroid function ([@bib11]). Thus, although a role for STAT3 signaling cannot be completely excluded in this study, due to the rapid nature of the morphological changes induced by leptin, it is unlikely that STAT-dependent gene transcriptional changes play a significant role in this process.

Recent studies have implicated a number of neurotrophins and growth factors in dendritic remodeling, which may in turn underlie their ability to modulate synaptic plasticity ([@bib45]). For instance, exogenous application of BDNF evokes similar morphological changes in dendrites as those reported to occur following induction of hippocampal LTP including increased spine density and the appearance of new spines [@bib65]). Similarly, insulin-like growth factor-1 (IGF-1), which signals via similar signaling pathways to leptin, promotes dendritic morphogenesis in cortical neurons ([@bib42]). However, in contrast to the present study, the effects of these neurotrophic factors on dendritic morphology occur on a slower time scale than those of leptin. Indeed, remodeling of cortical dendrites is evident after 24--36 h exposure to BDNF or IGF-1 ([@bib65; @bib42]), whereas in the present study the morphological changes induced by leptin occurred within 10 min. It is perhaps interesting to note that a recent study has shown that integrins, a component of the extracellular matrix, also have the ability to rapidly remodel hippocampal dendrites ([@bib50]) as well as playing an important role in synaptic plasticity ([@bib10]). Moreover, in a manner similar to the effects of leptin in this study, the structural dendritic changes induced by integrins occur rapidly (within 30 min), involve reorganization of actin filaments and require NMDA receptor activation ([@bib50]).

There is evidence that leptin alters neuronal morphology in other brain regions. Indeed, leptin promotes neurite outgrowth from a specific population of neurons in the arcuate nucleus of the hypothalamus ([@bib9]). However, the trophic actions of leptin on hypothalamic neurons were not evident until at least 72 h exposure to this hormone ([@bib9]) and are likely to reflect a process subsequent to the more rapid effects of leptin on filopodial motility and synaptic density reported in the present study. Similarly the ability of leptin to increase axonal growth cone size in cortical neurons occurred on a slower time scale as this effect was only apparent after 72 h exposure to this hormone ([@bib58]).

In this study, the dendritic morphogenesis induced by leptin was paralleled by a significant reduction in the intensity of Alexa-phalloidin staining in dendrites suggesting that this process involves dynamic alterations in the actin cytoskeletal architecture. This is perhaps not surprising as it is well documented that dendritic filopodia and spines are actin-rich structures and that formation and loss of these processes as well as their morphological plasticity involve reorganization of the actin cytoskeleton ([@bib25; @bib17]). Moreover, several lines of evidence indicate that alterations in actin dynamics also underlie hippocampal activity-dependent synaptic plasticity ([@bib13]). It is interesting to note that the ability of leptin to modulate hippocampal large-conductance Ca^2+^-activated K^+^(BK) channels is also dependent on actin filament reorganization ([@bib66]). However, in contrast to the present study, a PI 3-kinase driven process mediates actin filament disruption and BK channel activation by leptin ([@bib66; @bib49]). As BK channel activation by leptin involves a membrane-delimited process ([@bib49]), and leptin driven PI 3-kinase activation results in a localized, membrane-associated increase in phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P~3;~ [@bib66]), leptin signaling via this route is likely to result in a highly compartmentalized reorganization of actin filaments. In contrast, as a number of downstream targets for MAPK are present throughout dendritic and somatic regions of hippocampal neurons ([@bib59]), it is likely that MAPK activation by leptin results in more global changes in actin dynamics. Thus, this raises the interesting possibility that by utilizing distinct signaling pathways leptin evokes spatially segregated alterations in actin dynamics, which in turn may differentially influence not only its cellular target but also its subsequent impact on neuronal function.

The structural changes induced by leptin in this study show many parallels to activity-dependent long-term morphological changes in dendrites, such as those observed following hippocampal LTP. Indeed, leptin-induced an increase in the number of actin-rich spines, which parallels the morphological change that accompany hippocampal LTP ([@bib21]). In a manner similar to LTP, an increase in the density of filopodia was evident after exposure to leptin. The time course of LTP-induced alterations in dendritic morphology was similar to that evoked by leptin, as dendritic morphogenesis can occur around 10 min after tetanic stimulation ([@bib35]). As with leptin in this study, high frequency stimulation paradigms that promote rapid growth of dendritic filopodia require the synaptic activation of NMDA receptors ([@bib35]), and NMDA receptor-dependent forms of hippocampal LTP are associated with a rapid increase in the number of synapses ([@bib54; @bib3]). Several lines of evidence indicate that MAPK activation is also essential for the structural changes that occur during activity-dependent synaptic plasticity. Indeed, sustained activation of MAPK by repetitive depolarization in cultured hippocampal neurons results in the formation of new dendritic spines and filopodia ([@bib62]). Increases in both MAPK activity and dendritic spine density have also been reported following NMDA receptor activation in hippocampal cultures ([@bib23]). Interestingly in this study, the ability of leptin to promote dendritic morphogenesis was dependent on the activation of putative synaptic NR2A-, but not extrasynaptic NR2B-, containing NMDA receptors. Our previous studies have shown that leptin facilitates hippocampal NMDA receptor function via a combination of PI 3-kinase and MAPK activation ([@bib48]). In contrast, leptin facilitation of NR2B-NMDA receptor-mediated responses in cerebellar granule cells requires the activation of a MAPK-dependent signaling cascade ([@bib29]). This suggests not only that divergent signaling pathways couple leptin receptors to NMDA receptors with distinct molecular composition, but also that this coupling mechanism varies between different brain regions. Thus, it is possible that activation of MAPK by leptin results in selective facilitation of hippocampal NR2A-containing NMDA receptors that in turn promotes increases in dendritic filopodia.

There is mounting evidence that the hormone leptin plays a key modulatory role in hippocampal synaptic plasticity ([@bib48; @bib33; @bib60; @bib28]). Moreover, several lines of evidence suggest that structural remodeling of dendrites and/or synapses is a potential mechanism underlying hippocampal LTP ([@bib63; @bib54]). In hippocampal slices, exposure to leptin per se does not increase the efficacy of synaptic transmission, but it does facilitate NMDA receptor-dependent LTP ([@bib48]). In cultured hippocampal neurons the ability of leptin to promote morphogenesis is also dependent on NMDA receptor activation. Cultured neurons are generally more excitable than acute slices and display a higher frequency of mEPSCs. Thus, basal NMDA receptor activity is likely to be sufficient to support leptin-dependent synaptic plasticity, without the requirement for evoked synaptic transmission.

Leptin is known to circulate in the plasma in amounts proportional to body weight and it is capable of being transported to all regions of the brain via saturable transport across the blood--brain barrier ([@bib5]). Moreover, the rate of leptin transport varies between brain regions and is also dependent on the plasma levels of leptin. The maximal rate of leptin transport into the hippocampus occurs when serum leptin levels are higher ([@bib4]). As leptin levels increase 5- to 10-fold during the first two postnatal weeks ([@bib32]), transport of leptin into the hippocampus is likely to be particularly high early in neuronal development. Moreover, in addition to crossing the blood--brain barrier, there is also evidence that leptin mRNA is expressed in a number of brain regions, including the hippocampus ([@bib39]), suggesting that the actual concentration of leptin reaching hippocampal synapses may be derived from locally released leptin as well as leptin within the cerebrospinal fluid. Thus, it is likely that the concentrations of leptin used in this study correlate well with those reaching the hippocampus at this stage of neuronal development. Moreover, during the induction phase of LTP, it is likely that leptin released from adipocytes enters the brain and acts in concert with locally derived leptin to increase the likelihood of LTP at CA1 synapses by promoting rapid changes in hippocampal dendritic morphology.

Cognitive deficits are thought to be associated with leptin-insensitivity in rodents ([@bib33]) and are also prevalent in humans with obesity-related diseases such as type II diabetes ([@bib22]). Recent studies have also linked alterations in the circulating levels of leptin to Alzheimer's disease, where patients with this disorder have lower than normal levels ([@bib46]). In addition, leptin attenuates the plasma levels of amyloid β in transgenic mice that over-express amyloid β. Thus, as obesity and related diseases are thought to result from resistance to leptin ([@bib2]), it is likely that this also contributes to the cognitive deficits found in diabetics and may play a role in the impaired cognitive function associated with neurodegenerative disorders. The ability of leptin to promote rapid changes in neuronal morphology may be critical for its role in both normal CNS function and in neurological diseases associated with leptin resistance and cognitive deficits.

Experimental methods {#sec1}
====================

Hippocampal cell culture and transfection
-----------------------------------------

Cultures of hippocampal neurons were prepared as described previously ([@bib48; @bib49]). Briefly, neonatal Sprague Dawley rats (1--3 days old) were killed by cervical dislocation in accordance with Schedule 1 of the United Kingdom Government Animals (Scientific Procedures) Act, 1986. The hippocampi were removed and following washing in standard HEPES-buffered saline comprising of (in mM) NaCl 135; KCl 5; CaCl~2~ 1; MgCl~2~ 1; HEPES 10; and [d]{.smallcaps}-glucose 25 at pH 7.4 were treated with a mixture of protease type X and type XIV (both at 0.5 mg/ml; Sigma) for 25 min at room temperature. Dissociated cells were plated onto sterile culture dishes (Falcon 3001), pretreated with poly-[l]{.smallcaps}-lysine (20 μg ml^− 1^ for 1--2 h). Cultures were maintained in serum replacement medium (SR2; Sigma) in a humidified atmosphere of 5% CO~2~ and 95% O~2~ at 37 °C for up to 3 weeks. Treatment with leptin was carried out in HEPES-buffered saline at room temperature (for exposures up to 30 min) or in culture media at 37 °C (for longer duration exposure times).

Hippocampal neurons were transiently transfected with GFP using the cationic lipid, Lipofectamine 2000 (Invitrogen Corporation, Carlsbad, CA, USA). Briefly, neurons up to 12 DIC were placed in 1.5 ml of conditioned medium for 30 min at 37 °C. The Lipofectamine/DNA complex was formed immediately by the addition of 2 μl of GFP-actin DNA (1 μg/μl) and 2 μl of Lipofectamine 2000 to 100 μl of Opti-MEM 1 (Invitrogen Corporation). Neurons were then incubated with this complex for 1 h in a humidified atmosphere of 5% CO~2~ and 95% O~2~. Following incubation, neurons were washed twice with MEM and then returned to normal conditioned medium. Expression of the EGFP construct was optimal 1--2 days after transfection, and a transfection rate of around 20% was observed. In transfected neurons, dendrites and axons as well as filopodia were clearly labeled.

For leptin receptor siRNA studies, hippocampal cells (6--7 DIC) were transfected with either EGFP cDNA (1 μg/μl) + prK5 (empty control vector; 1 μg/μl) or EGFP cDNA (1 μg/μl) + leptin receptor siRNA (Dharmacon; 1 μg/μl) according to the manufacturer's instructions and were used 1--2 days after transfection. Dharmacon ON-TARGET*plus SMART*pool siRNA reagent (Thermo Fisher Scientific, Lafayette, CO) targeting LEPR (NM_012596) was used in these studies. The levels of leptin receptor expression in transfected neurons was assessed by comparing leptin receptor immunolabeling (see methods below) in transfected (GFP-positive) neurons relative to non-transfected (GFP-negative) neurons.

Visualization of actin filaments
--------------------------------

In order to examine the morphology of the actin-rich structures in fixed hippocampal neurons, Alexa 488-conjugated phalloidin, a specific marker that binds to polymerized actin filaments, was used. In these studies neurons were fixed (with 4% paraformaldehyde; 10 min), permeabilized (with 0.1% Triton X-100) and blocked with 10% blocking milk for 15 min. Cells were then incubated with Alexa 488-conjugated phalloidin (1:250 dilution) for 30 min at room temperature. Neurons were then washed twice in HEPES-buffered saline and actin staining was visualized using a Zeiss LSM510 confocal microscope (excitation 488 nm; emission 505--550 nm). The intensity of staining was determined off-line using Lasersharp software (Carl Zeiss). Analysis lines (50 μm) were drawn along randomly selected somatic and dendritic regions and the mean fluorescence intensity was calculated. Data were obtained from at least 3 cells selected at random for each condition. Within a given experimental series all conditions for capturing images, including illumination intensity and photomultiplier gains, were constant. In order to allow for quantification of experimental data obtained from separate days, the data were normalized relative to the mean fluorescence intensity measured in the control neurons for each day.

Immunocytochemistry
-------------------

Before labeling, hippocampal cultures were washed in HBS, fixed with paraformaldehyde (4%; 10 min) and permeabilized with Triton X-100 (0.1%; 5 min). To determine the distribution of ObR, neurons were incubated with an anti-goat polyclonal antibody (1:100 dilution) directed against the C-terminal domain of ObR (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 60 min as described previously ([@bib49]). In order to visualize staining, neurons were incubated with an Alexa 488-conjugated donkey anti-goat secondary antibody (1:250 dilution; Jackson ImmunoResearch, West Grove, PA, USA) for 30 min. For dual labeling studies, neurons were also incubated with monoclonal antibodies directed against synapsin-1 (BD Biosciences, Oxford, UK) or either NR2A (1:100 dilution) or NR2B (1:100 dilution; both from Invitrogen Corporation) for 1 h, followed by treatment with a donkey anti-mouse Cy3-conjugated secondary antibody (1:250 dilution; Molecular Probes, Eugene, OR, USA) for a further 30 min, respectively. All antibodies were prepared in HBS and experiments were performed at room temperature. In the absence of primary antibody, no labeling was observed following incubation with any of the secondary antibodies. In control experiments, leptin receptor immunoreactivity was blocked by prior incubation of primary antibody with control peptide (200 μg ml^− 1^). A Zeiss LSM510 laser scanning confocal microscope was used to visualize and capture images. Laser lines of 488 nm and 543 nm were used to excite Alexa 488 and Cy3, respectively. Dual labeling images were obtained in multi-tracking mode using a 15-s scan speed. All immunocytochemical studies were performed on at least two sets of cultures prepared from different rats.

Real-time confocal imaging and analysis
---------------------------------------

Time-lapse confocal imaging of individual filopodium from live GFP-transfected neurons was performed using a Zeiss LSM510 meta laser scanning confocal microscope (Carl Zeiss Ltd, Rugby, UK) using a × 40 magnification water immersion Plan-Apochromat objective and sequential line scanning mode. Neuronal cultures were maintained in a modified Mini-Chamber (Luigs & Neumann, Ratingen Germany) at room temperature. In time series mode, full Z-stack images were acquired at 3 min intervals using minimal 488 nm excitation (1.9-s scan speed at 512 × 512 pixels, 1--3% maximal argon laser power) for the duration of recordings (30 min) in control conditions (in normal HEPES-buffered saline) and subsequently for a further 30 min following addition of leptin (50 nM). The Z-stack function (1.5--2.5 μm sections; iris aperture of 3--5 μm) was used in conjunction with the time series mode to enable 3D reconstruction of live neurons. Proximal dendrites, identified as MAP2-positive processes extending from the cell body, were selected for analysis of the length and number of dendritic filopodia. The length of an individual filopodium was defined as the linear distance between its tip and its base and the lengths of individual filopodia were determined manually using Zeiss Lasersharp software. To measure the motility of dendritic filopodia with time, the length of randomly selected filopodia was measured in each frame and the relative change in filopodia length (compared to the filopodia length at time point zero) was calculated for the duration of experiments as the total change in filopodia length divided by the time (μm/min; [@bib64]). Only time points in which filopodial length was greater than 0.6 μm in one or both of two consecutive images were included in the analyses, whereas time points where the length of filopodia was less than 0.6 μm in two consecutive images were excluded.

Materials
---------

Recombinant human leptin (Sigma, St. Louis, MO, USA) prepared in 0.01--0.02% bovine serum albumin as a carrier was used in all experiments. LY294002, wortmannin, U0126 (Calbiochem, La Jolla, USA) and D-AP5, ifenprodil, tetrodotoxin, PD98059 (Tocris Cookson, Baldwin, MO, USA) were all obtained commercially.

Statistical analyses
--------------------

All data are expressed as means ± SEM and statistical analyses were performed using paired *t*-test (two-tailed; 95% confidence interval) for comparison of means or two-way ANOVA (analysis of variance) with Tukey's post hoc test for comparisons between multiple groups (unless otherwise stated). *P* \< 0.05 was considered significant.

This work was supported by grants to J.H. from The Wellcome Trust (075821) and The Anonymous Trust (Dundee). D.O. was a Muir Russell Scholar (University of Dundee), whereas S.M. was funded by a BBSRC Case Studentship.

![Leptin increases the density of dendritic filopodia in hippocampal neurons. (A) Confocal images of actin staining in hippocampal neurons (6--8 DIC) labeled with Alexa 488-conjugated phalloidin. (Ai) Control neurons display relatively few actin-rich protrusions or growth cones. Exposure of neurons to leptin (50 nM) for 30 min stimulated an increase in the number of filopodia (ii) and growth cones (iii) extending from processes (indicated by arrows). (B) Confocal images of hippocampal neurons (9DIC) dual labeled with Alexa 488-conjugated phalloidin (green) and the somatodendritic marker, MAP2 (red). Leptin (50 nM; 30 min) increased the number of filopodia protruding from dendritic (MAP2-positive) processes (ii) compared to control (i). (C) Histogram illustrating the pooled data of the mean number of dendritic filopodia in control and leptin treated neurons. Leptin stimulates circa a 3-fold increase in the density of filopodia. (D) Histogram illustrating the pooled data of the mean number of dendritic filopodia after 10 min, 20 min, 30 min, 3 h and 18 h exposures to leptin (50 nM). The leptin-induced increase in filopodial density is apparent after only 10 min exposure to leptin and reaches a peak after 3 h. (F) Representative confocal images (i--iii) of leptin receptor (ObR; i) and synapsin-1 (ii) immunoreactivity in 9-day-old hippocampal cultures. The merged image (iii) shows that leptin receptor labeling is highly localized to synapses.](gr1){#fig1}

![Leptin rapidly increases the number and motility of dendritic filopodia. (A) Confocal images of a hippocampal neuron (11 DIC) transiently transfected with cytosolic EGFP. The region of interest was magnified and the images obtained at various time points (3--30 min) are shown in panel Aii. Under control conditions there are a few filopodia extending from dendrites and these had limited motility. Leptin (50 nM) treatment stimulated a rapid increase in number and motility of filopodia extending from the highlighted dendrite (arrow). (B) Histogram of the pooled data illustrating the relative change in the density and motility of filopodia following exposure to leptin (50 nM). \**P* \< 0.05.](gr2){#fig2}

![Leptin stimulates an increase in neurite length. (A) Confocal images of a hippocampal neuron (11 DIC) transiently transfected with cytosolic EGFP. The region of interest in panel Ai is magnified and displayed in panel Aii. In control conditions (in the absence of leptin), there is little or no change in the length of the neurite. However, application of leptin (50 nM) to the same neuron rapidly stimulated elongation of the same process. (B) Pooled data illustrating the mean increase in the relative length of protruding neurites following leptin treatment. \**P* \< 0.05.](gr3){#fig3}

![Synaptic activation of NMDA receptors is required for leptin-induced neurite growth. (A--C) Confocal images of hippocampal neurons (12 DIC) labeled with Alexa 488-conjugated phalloidin. The zoomed regions of interest (white box) are depicted either below (A) or alongside (B, C) the parent image. (A) Prior exposure of neurons to TTX (500 nM; 30 min) attenuated the leptin-induced increase in filopodial density (Aii) compared to control (Ai). (Bi) Incubation with the NMDA receptor antagonist, D-APV (50 μM; 30 min), did not alter the filopodial density *per se*. However, prior exposure to D-APV attenuated the leptin-induced increase in the density of dendritic filopodia (Bii). Treatment with the NR2B-selective NMDA receptor antagonist, ifenprodil (10 μM; 30 min), had no effect on the number of dendritic filopodia per se (Ci) nor did it affect the ability of leptin to increase the density of filopodia (Cii). (D) Histogram illustrating the pooled data of the mean number of filopodia in control conditions and in neurons treated with leptin (50 nM; 30 min) alone and in the combined presence of NBQX (2 μM; 30 min), D-APV (50 μM; 30 min), ifenprodil (10 μM; 30 min) and TTX (500 nM; 30 min). \*, \*\* and \*\*\* denote *P* \< 0.05, *P* \< 0.01 and *P* \< 0.001, respectively.](gr4){#fig4}

![Leptin does not promote the translocation of NR2A subunits into dendritic filopodia. (A) Expression of NR2A and NR2B NMDA receptor subunits in hippocampal cultures. Confocal images of ObR immunolabeling, together with either NR2A (i; 9 DIC) or NR2B (ii; 7DIC) labeling in hippocampal neurons. High levels of NR2A and NR2B are expressed in hippocampal neurons at this stage of development. (B) Confocal images of Alexa phalloidin staining (green), NR2A immunolabeling (red) and the merged images in hippocampal neurons (8 DIC) in control conditions and following exposure to leptin (50 nM; 30 min). Leptin induced an increase in the density of dendritic filopodia; however, this was not associated with any change in the distribution of NR2A staining.](gr5){#fig5}

![Leptin increases the density of filopodia via a MAPK-, but not PI 3-kinase-, driven pathway. (A, B) Confocal images of F-actin staining in hippocampal neurons (10--11 DIC) labeled with Alexa 488-conjugated phalloidin. The magnified regions of interest (white boxes) are illustrated below the parent images. (Ai) Incubation with wortmannin (50 nM; 1 h) had no effect on the density of filopodia *per se*, and it did not affect the ability of leptin to increase the number of filopodia. In contrast, prior incubation with PD98059 (10 μM; 1 h) attenuated leptin-induced increase in filopodial density (Bii). The density of filopodia was not altered in neurons exposed to PD98059 (Bi). (C) Histogram of pooled data illustrating the mean number of filopodia in control conditions and in neurons exposed to leptin (50 nM; 30 min) both alone and in the presence of wortmannin (WM; 50 nM), LY294002 (LY; 10 μM), PD98059 (PD; 10 μM) and U0126 (UO; 1 μM).](gr6){#fig6}

![Leptin increases the density of hippocampal synapses. (A) Confocal images of hippocampal neurons (7 DIC) labeled with an anti-synapsin 1 antibody. The magnified regions of interest (white box) and corresponding intensity profile are illustrated to the right of the parent images. Incubation with leptin (50 nM; 30 min) stimulated an increase in the number and intensity of synapsin-1 puncta (Aii) compared to control (Ai). (B) Histogram of the pooled data of the relative intensity of staining in neuronal processes in control conditions and following application of leptin (50 nM; 30 min). (C) Confocal images of hippocampal neurons (14 DIC) dual labeled with Alexa 488-conjugated phalloidin (green) and an anti-synapsin 1 antibody (red). Under control conditions, the neurons display tightly intertwined processes with synapsin 1 labeling. Application of leptin (50 nM; 30 min) to these neurons increased the number and intensity of synapsin 1 puncta as well as the density of spines (arrows).](gr7){#fig7}
